The patterns of gene expression and the phenotypes of lymphocytes in peripheral blood mononuclear cells (PBMC) from children with diarrhea caused by rotavirus and healthy children were compared by using DNA microarray, quantitative PCR, and flow cytometry. We observed increased expression of a number of genes encoding proinflammatory cytokines and interferon or interferon-stimulated proteins and demonstrated activation of some genes involved in the differentiation, maturation, activation, and survival of B lymphocytes in PBMC of patients with rotavirus infection. In contrast, we observed a consistent pattern of lower mRNA levels for an array of genes involved in the various stages of T-cell development and demonstrated a reduction in total lymphocyte populations and in the proportions of CD4 and CD8 T lymphocytes from PBMC of patients. This decreased frequency of T lymphocytes was transient, since the proportions of T lymphocytes recovered to almost normal levels in convalescent-phase PBMC from most patients. Finally, rotavirus infection induced the activation and expression of the early activation markers CD83 and CD69 on a fraction of CD19 B cells and the remaining CD4 and CD8 T lymphocytes in acute-phase PBMC of patients; the expression of CD83 continued to be elevated and was predominantly exhibited on CD4 T lymphocytes in convalescent-phase PBMC. On the basis of these findings at the molecular, phenotypic, and physiologic levels in acute-phase PBMC, we conclude that rotavirus infection induces robust proinflammatory and antiviral responses and B-cell activation but alters peripheral T-cell homeostasis in children.
Rotaviruses, members of a genus of the family Reoviridae, are nonenveloped, triple-layered capsid particles that contain a genome of 11 double-stranded RNA segments (30) . Rotaviruses are the single most important cause of severe diarrhea and are responsible for an estimated 611,000 deaths of children worldwide per annum (40) . The virus infects the mature villus epithelial cells of the small intestine, and infection often leads to fever, vomiting, and severe dehydrating diarrhea in children. Recent studies have reported antigenemia or viremia in children with diarrhea caused by rotavirus (7) and demonstrated extraintestinal spread and infection of rotavirus in gnotobiotic pigs and mice (4, 14) .
Rotavirus infection induces innate and adaptive immune responses, including production of cytokines and virus-specific antibodies (28) . Cytokines, which are produced primarily by macrophages and T lymphocytes in the early phase of viral infection, are markers used to indicate the quality and type (Th1 or Th2) of immune response (6) . Cytokines also play important roles in the pathogenesis of and protection against acute viral infections and may influence or reflect the clinical outcome of rotavirus disease (3, 29, 35, 45, 48) . Antibodies, on the other hand, are induced later in response to rotavirus infection and are a critical component of the host defense mechanisms that protect animals or children from rotavirus infection or diarrhea (28) . Despite the presence of many studies that have examined rotavirus pathogenesis and immunity, including the response and function of cytokines and antibodies as mediators for and as correlates of protection against rotavirus infection in animals or humans, little is known about the early overall responses and the development and regulation of lymphocytes in children with acute rotavirus diarrhea.
While some studies of mice demonstrated that both B and T lymphocytes are important in protective immunity (16, 31) , others demonstrated a T-cell-independent activation of B lymphocytes in the early phase of rotavirus infection and documented that virus could be cleared in the absence of T or B lymphocytes or antibodies (8, 17) . Studies of gnotobiotic piglets and monkeys have shown that immunoglobulin A (IgA) in the gut and IgG in serum mediated protection against rotavirus diarrhea or infection (53, 56) . These studies, while furthering our understanding of the immune response, have not clearly defined the early development, regulation and activation, or phenotypes of B and T lymphocytes or T-lymphocyte subsets in response to rotavirus infection. Moreover, none of the animal models are ideal, and they may not accurately predict the immunity and pathogenesis of rotavirus disease in humans. Neither small nor large animal models (e.g., mice or monkeys) develop disease when infected with rotavirus and therefore are not of great use in the study of innate immunity and disease initiation or progression. Mice differ from humans in both innate and adaptive immune responses, and they lack some important genes that have critical functions in immunity and disease processes in humans (37) . Gnotobiotic piglets are the disease model that has the best potential to further our under-standing of pathogenic mechanisms and host responses to rotavirus, but it is not clear whether piglets can reliably give us complete and relevant insights into the early responses to infection in children.
In the present study, we directly examined the early responses to rotavirus infection by comparing the global patterns of gene expression and phenotypes of lymphocytes in peripheral blood mononuclear cells (PBMC) from children hospitalized with acute diarrhea caused by rotavirus and from healthy children by using high-density oligonucleotide expression arrays, quantitative PCR, and flow cytometry. We demonstrated that rotavirus induced robust inflammatory responses and Bcell activation but altered peripheral T-cell homeostasis, as demonstrated by a decrease in total lymphocyte numbers and by a moderate to severe reduction in the proportions of CD4 and CD8 T lymphocytes in acute-phase PBMC from children. These findings in early response events during acute rotavirus infection will help provide insights into our understanding of innate and adaptive immunity and the pathogenic mechanisms of disease.
MATERIALS AND METHODS
Subjects and specimen collection. From March 2001 to March 2004, we collected blood and fecal specimens from children less than 3 years of age who were admitted for treatment of acute rotavirus gastroenteritis at two pediatric hospitals, Children's Healthcare of Atlanta in Atlanta, Georgia, and Hasbro Children's Hospital in Providence, Rhode Island. Aside from the gastroenteritis, the children were generally in good health, and they had not received rotavirus vaccines and had no prior history of rotavirus diarrhea. All patients had symptoms typical of rotavirus infection (fever, vomiting, diarrhea, or dehydration), and all were confirmed positive by the testing of fecal specimens by using enzyme immunoassay and PCR. Composite illness severity scores were calculated on the basis of fever, vomiting, diarrhea, and dehydration (15) . A blood sample was drawn at the time of hospital admission from some children, and complete blood counts were determined using a Coulter LH 750 hematology analyzer (Beckman Coulter, Fullerton, CA). Written informed consent was obtained from all parents or guardians, and children in the two hospitals were then enrolled using the same study protocol that was approved by the institutional review boards of the Centers for Disease Control and Prevention and of each institution. Two blood samples were subsequently obtained from each patient, the first within 72 h of enrollment and the second 3 weeks later. PBMC were isolated from whole-blood samples. In brief, blood samples were diluted 1:1 in phosphate-buffered saline (PBS; pH 7.4) and then layered on top of CAPPEL LSM lymphocyte separation medium (ICN Biomedicals, Aurora, OH) in a centrifuge tube. After centrifugation at 274 ϫ g for 30 min, lymphocytes were collected, washed by centrifugation in PBS, and stored with freezing medium (10% dimethyl sulfoxide in fetal bovine serum) in liquid nitrogen before use.
Healthy children who had no symptoms of gastroenteritis but who were admitted for elective surgery were enrolled as control subjects. One blood specimen was obtained from each child, and PBMC were processed in the same manner as described for patients. Fecal specimens from all control subjects tested negative for rotavirus by enzyme immunoassay.
RNA isolation, cDNA synthesis, and RNA target preparation. Total RNA was extracted from PBMC by using the RNeasy mini kit (QIAGEN, Valencia, CA) according to the manufacturer's protocol. The concentration of RNA was determined by spectrophotometer, and the quality was examined by agarose gel electrophoresis, followed by staining with SYBR green II. Two micrograms of total RNA were used to synthesize cDNA with T7(dT)24 primer and to prepare biotin-labeled antisense RNA (aRNA) targets by in vitro transcription using the MessageAmp aRNA kit (Ambion, Austin, TX). The concentration of biotinlabeled aRNA in the hybridization cocktail was 5 g/100 l.
Microarray hybridization and data analysis. Biotin-labeled aRNA targets were first examined for their quality and integrity by using microarray test chips (Test3 array; Affymetrix, Santa Clara, CA) and then hybridized with Affymetrix HG-U95Av2 gene chip arrays. Hybridizations were performed at 45°C for 16 h in an Affymetrix GeneChip hybridization oven. The chips were washed and stained by use of the Fluidics Station 400 (Affymetrix) following the manufacturer's standard protocols. The stained chips were scanned in a Hewlett Packard Gene Array Scanner 2500. Images that reflect the levels of RNA expression of genes in PBMC from controls and patients were captured and processed by means of the Affymetrix Microarray Analysis Suite 5.0. Image files were calculated into average intensities by the Microarray Analysis Suite 5.0 absolute analysis algorithm (34) . The Affymetrix microarray data were then processed using GeneTraffic microarray data analysis software, version 3.2, and analyzed by the GC robust multichip analysis method (both from Iobion Informatics, La Jolla, CA). This probe-level analysis method comprised perfect-match-minus-mismatch-based algorithms, background adjustment, and quartile normalization that corrected the intensity-dependent effect of the data (54). Significant differences in the levels of gene expression between healthy controls and children with diarrhea caused by rotavirus were determined using two-class unpaired t tests. The criteria for selection of differentially expressed genes in patients with diarrhea caused by rotavirus are described in Results. The differentially expressed genes were clustered and grouped according to their biological functions.
Quantitative RT-PCR. Quantitative reverse transcriptase PCR (RT-PCR) was used to assess and confirm expression levels of selected genes. cDNA was synthesized from total RNA (200 ng per reaction) with random hexamers, using TaqMan RT reagents (Applied Biosystems, Foster City, CA). The RT reaction comprised 10 min at 25°C, 30 min at 48°C, and 5 min at 95°C. cDNA was then subjected to PCR amplification with ABI PRISM 7900HT sequence detection systems, using the ABI Assays-on-Demand gene expression assay. The PCR conditions comprised 2 min at 50°C, 10 min at 95°C, and 40 cycles of 95°C for 15 s and 60°C for 1 min. The probes were designed to span exon-exon junctions, so if genomic DNA was amplified, it could not be detected. Levels of RNA expression of test genes were expressed using the comparative cycle threshold method of relative quantification with the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene as an endogenous control (21) .
Flow cytometry. PBMC (2 ϫ 10 5 cells) in PBS supplemented with 10% bovine serum albumin were stained with phycoerythrin (PE)-labeled anti-CD4 (RPA-T4), anti-CD8 (RPA-T8), or anti-CD19 (HIB19) and fluorescein isothiocyanate (FITC)-labeled anti-␣␤ T-cell antigen receptor (TCR) (T10B9.1A-31), anti-CD69 (FN50), or anti-CD83 (HB15e) (all from BD Biosciences, San Diego, CA). The optimal concentration of each antibody was determined by titration to be 2.5 l/10 5 cells. Samples were incubated at 4°C for 30 min in the dark and washed once with PBS containing 2% bovine serum albumin. At least 10,000 cells were acquired and examined by use of a FACScan (Becton-Dickinson, Mountain View, CA). PBMC were also left unstained or stained with conjugated isotype controls in the same manner, and the values obtained were used as baseline controls. Data were analyzed with Cellquest software (Becton-Dickinson). The analysis gate included both large and small lymphocytes; dead cells were excluded by forward and side-scatter gating. Significant differences between the percentages of stained PBMC of patients and controls were analyzed by t test.
Microarray data accession number. We deposited our microarray data in the public database (http://www.ncbi.nlm.nih.gov/geo/info/linking.html). The GEO accession number is GSE2729.
RESULTS

Complete blood counts.
From the controls and patients enrolled, we selected two cohorts of healthy children and children with acute diarrhea caused by rotavirus who had no infection in the proceeding months and had an adequate amount of blood specimens for the microarray (8 controls and 10 patients) and flow cytometry (6 controls and 7 patients) experiments (Table  1) . Prior to patient enrollment in the study, complete blood counts for three of the five white blood cell types (neutrophils, lymphocytes, monocytes, basophils, and eosinophils) were determined from blood specimens of eight patients at the time of hospital admission. All but one of the patients had normal segment neutrophil counts, whereas one had slightly lower monocyte counts. In contrast, five of seven patients (71%) with acute rotavirus diarrhea (i.e., Ͻ7 days after the onset of illness) had total lymphocyte counts of Յ2.9 ϫ 10 3 /l, the lower limit of the normal cell count range in healthy children.
Gene expression analysis. Levels of gene expression in PBMC from 10 patients with rotavirus infection were deter-mined and expressed relative to those of the 8 controls. Of the 12,626 gene sequences (ϳ10,000 genes) examined, mRNA levels for 1,812 (14%) were found either significantly (P Ͻ 0.05) increased or significantly decreased in patients compared with the controls. Since many of these genes were differentially expressed in Ͻ50% of the patients examined, these responses might not be representative of rotavirus infection. We recognized the value and significance of a high level of change (n-fold) as a threshold but did not know what cutoff could best reflect host responses to a rotavirus infection or affect biological functions. Accordingly, we considered a gene in patients transcriptionally regulated or differentially expressed if its level of expression was at least 1.5-fold higher or lower than the baseline (arithmetic mean) of the corresponding gene in 8 controls and if its pattern of elevated or reduced expression was observed in at least 7 of the 10 patients. Using these criteria, we identified 104 (ϳ1%) and 268 (ϳ2%) genes that had elevated or lower levels of expression, respectively, in PBMC from children with rotavirus diarrhea. Of these 372 differentially expressed genes that were each examined and reviewed, 121 (33%) were identified to have function in inflammation or disease pathways and immunity and are the focus in the present report.
Activation of genes with function in inflammatory and antiviral activities. Rotavirus infection activates genes coding for proinflammatory cytokines (tumor necrosis factor alpha [TNF-␣], prointerleukin-1␤, interleukin-1␤ [IL-1␤], and IL-6) and chemokines (IL-8 and GRO-␤) (Fig. 1A) . TNF-␣ is a primary response cytokine and a marker for inflammation, whereas IL-1␤ and IL-6 are pleiotropic. These cytokines are potent signaling molecules that induce the synthesis of acute-phase proteins and mediate the immunopathogenesis of various infectious or inflammatory diseases (12, 35, 48) . IL-8 and related GRO-␤ chemokines are involved in inflammation by primarily activating the chemotaxis of neutrophils (1, 20) . Rotavirus infection also up-regulates genes encoding cytokines or proteins, such as IL-1R antagonist, alpha/beta interferon (IFN-␣/␤) receptor, or IFN-stimulated proteins, that are involved in antiinflammatory and antiviral activities (Fig. 1A) . IFN responses that occur prior to adaptive immunity are thought to represent an early host defense against viral infection and also to modulate the adaptive immune response (45) .
Elevated expression of genes with functions in early activation of lymphocytes. Rotavirus infection induced elevated expression of genes encoding costimulatory molecules, CD69 and CD83, in acute-phase PBMC from 8 of 10 children (Fig.  1B) . Expression of these molecules indicates activation, maturation, and involvement of PBMC, including T and B lymphocytes, in early events of immune response, such as antigen presentation and regulation in the development of cellular immunity. Of note, the expression of CD69 and CD83 remained elevated in convalescent-phase PBMC from four of the five children whose blood specimens were available for testing (data not shown). One patient did not have elevated expression of these costimulating molecules in acute-and convalescentphase PBMC.
Differential expression of genes related to B-cell development and activation. We found that rotavirus infection induced differential expression of genes with function in B-cell development. We detected elevated expression of a group of genes that are involved in the differentiation, maturation, activation, and survival of B lymphocytes (Fig. 1C) . These genes include pre-B-cell-enhancing factor, a regulator of G protein signaling 1 (RGS1), IL-6 (B-cell differentiation factor), nuclear a Complete blood counts were done from blood specimens collected at the time of hospital admission, 1 to 4 days before children were enrolled for the study. Lymph, lymphocytes; Neut/SEG, segment neutrophils; Neut/BAND, band neutrophils; Mono, monocytes; WBC, white blood cells; NA, not available; ND, not determined. The normal cell count ranges are 2.9 ϫ 10 3 /l to 9.4 ϫ 10 3 /l, 1.0 ϫ 10 3 /l to 9.5 ϫ 10 3 /l, 0.0 ϫ 10 3 /l to 0.7 ϫ 10 3 /l, and 0.4 ϫ 10 3 /l to 2.4 ϫ 10 3 /l for lymphocytes, segment neutrophils, band neutrophils, and monocytes, respectively, in healthy children.
factor regulated by IL-3 (NFIL3), Bfl-1, and FADD-like IL-1␤-converting enzyme-inhibitory protein (FLIP) genes. Expression of these early molecules and markers may regulate signaling response, maturation, migration or survival of B lymphocytes (13, 26, 33, 38, 44) .
We detected lower levels of expression of genes encoding several negative regulators of B-cell development that determine whether pre-B cells survive or die (Fig. 1D) . Antigen receptors CD20, CD21, CD24, CD72, and CD79B influence the survival of B cells via different mechanisms, including the induction of apoptosis by the activation of multiple caspase cascades and mitogen-activated protein kinase, the activation of the alternative complement pathway and the formation of membrane attack complexes, and the regulation or modulation of B-cell receptor signaling (42, 49, 51) . Of note, CD21 and CD72 have dual functions and are also involved in the positive regulation of B lymphocytes (23, 42) .
Lower levels of mRNA for genes related to T-cell development. Children with rotavirus infection had overall lower levels of mRNA for an array of genes involved in the various stages of T-cell development and activation than did controls ( Of note, we detected elevated expression of several transcription factor genes, the AREB6 and IL-2 enhancer binding factor genes, that are involved in the expression of IL-2 by T lymphocytes (data not shown). AREB6 negatively modulates and inhibits IL-2 expression after T-cell activation (25), whereas IL-2 enhancer binding factor has been described to have a positive role in regulating IL-2 gene expression (39) .
Genes involved in other immune functions. In our study, rotavirus infection resulted in the differential expression of a number of genes with other immune functions in children with acute diarrhea. These included elevated expression of genes involved in the modulation of inflammatory and immune responses or in the degradation of targeted viral or short-lived proteins by the ubiquitin system (data not shown). Among the genes that were down-regulated were those encoding lymphocyte antigens, lymphotoxin ␤, chemokine ligands and receptors as well as other signaling molecules, and a group of adaptor proteins (e.g., docking protein 1, GRB2, and Src-like adaptor protein [SLAP] ).
Confirmation of gene expression by quantitative PCR.
To confirm the patterns of expression observed in these microarray experiments, we performed expression analysis of selected genes by quantitative PCR. We demonstrated and confirmed expression patterns for a number of genes, including the IL-6, IL-7R, and RGS1 genes in PBMC of children with diarrhea caused by rotavirus (Table 2) .
Reduction in frequency of T lymphocytes. After expression analysis and confirmation, we determined whether the profiles FIG. 1. Image profiles of genes with functions in inflammation and immunity. Microarray experiments were conducted and cluster analysis of genes that were differentially expressed in PBMC of healthy children and patients with diarrhea caused by rotavirus were done as described in the text. Each vertical column represents a subject, and each horizontal row represents a gene. Red squares indicate elevated expression, green squares indicate reduced expression, and black squares indicate no significant change in the level of gene expression. The left 8 columns correspond to healthy controls and the right 10 columns correspond to patients with rotavirus diarrhea. Rotavirus infection induced elevated expression of genes involved in inflammation and antiviral activities (A), early activation markers (B), and the differentiation, maturation, activation, and survival of B lymphocytes (C). In contrast, rotavirus infection induced repressed or reduced expression of genes involved in the negative regulation of B lymphocytes (D) and in the proliferation, differentiation, activation, survival, and homeostasis of T lymphocytes (E). OAS, oligoadenylate synthetase; MIP-1␣, macrophage inflammatory protein 1␣.
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on October 23, 2017 by guest http://jvi.asm.org/ of gene expression can reliably reflect or predict immune responses to rotavirus. Because the small volumes of blood specimens and the lack of adequate numbers of PBMC did not allow us to conduct both microarray and flow cytometry analyses for the same subjects, we examined the phenotypes of B and T lymphocytes in PBMC from a separate cohort of six healthy controls (two girls and four boys), ranging in age from 2 to 7 months, and seven children with rotavirus diarrhea (Table 1) with flow cytometry using PE-or FITC-labeled monoclonal antibodies specific to surface markers CD4, CD8, CD19, or ␣␤ TCR (Fig. 2) . The frequency of CD19 B lymphocytes in PBMC of children with diarrhea ranged from 14.3% to 41.1% (mean, 27.7%) ( Fig. 2A) . In convalescent-phase PBMC, the proportions of CD19 B lymphocytes in six patients remained elevated. One patient had a lower proportion of CD19 B cells but a high frequency of CD4 T lymphocytes in convalescent-phase PBMC.
We determined the phenotypes of T lymphocytes in PBMC from three controls and five rotavirus patients because they had adequate blood specimen volumes and cell counts for all the experiments. The proportions of T lymphocytes in four of five patients ranged from 10.4% to 26.8% (mean, 20.0%) for CD4 and from 9.0% to 22.6% (mean, 17.0%) for ␣␤ CD4 (Fig.  2B and C) . The proportions of T lymphocytes in three controls ranged from 38.6% to 60.5% (mean, 50.9%) for CD4 and from 36.7% to 53.7% (mean, 46.8%) for ␣␤ CD4, the values that agree with those reported for healthy children (24) . The difference between these CD4 lymphocytes for patients and those for controls was significant (P Ͻ 0.01). The proportions of CD4 and ␣␤ CD4 T lymphocytes in convalescent-phase PBMC were recovered to levels similar or close to those in healthy children. These increases were significant (P Յ 0.01).
We observed a similar moderate to severe reduction in the percentages of CD8 T lymphocytes. The proportions of T lymphocytes in three controls ranged from 7.4% to 13.5% (mean, 10.9%) for CD8 and from 6.1% to 10.5% (mean, 8.6%) for ␣␤ CD8. The proportions of CD8 and ␣␤ CD8 T lymphocytes in four infants with acute diarrhea caused by rotavirus were significantly (P Ͻ 0.05) lower than those in healthy infants, ranging from 1.6% to 3.8% (mean, 2.8%) and from 1.7% to 3.7% (mean, 2.9%), respectively ( Fig. 2D and E) . The proportions of CD8 and ␣␤ CD8 T lymphocytes in convalescent-phase PBMC were significantly (P Ͻ 0.01) higher than those in acute-phase PBMC of patients, but they were similar to those in the PBMC of healthy children. The fifth patient had a slight decrease in CD4 T cells or no decrease in CD8 T cells in acute-phase PBMC but a severe reduction in convalescent-phase PBMC.
Activation of T and B lymphocytes. We sought to examine whether any of the diminished or remaining T lymphocytes in acute-phase PBMC expressed the two early activation markers, CD69 and CD83, in response to rotavirus infection. We analyzed PBMC from six healthy infants and found no activation in T lymphocytes. The percentages of activated T lymphocytes ranged from 0% to 0.5% (mean, 0.3%) for CD4/CD69, from 0.1% to 4.0% (mean, 1.2%) for CD4/CD83, from 0.1% to 0.7% (mean, 0.3%) for CD8/CD69, and from 0% to 0.4% (mean, 0.2%) for CD8/CD83. In contrast, we detected elevated activation percentages for CD4/CD69 (from 2.7% to 10.5% [mean, 5.5%]) and CD4/CD83 (from 10.5% to 25.8% [mean, 16 .6%]) T lymphocytes in all seven acute-phase PBMC of patients with diarrhea ( Fig. 3A and B) . In convalescent-phase PBMC, the percentages of CD4/CD69 T lymphocytes in five patients decreased to levels close to those in control infants, FIG. 2 . Rotavirus infection alters peripheral T-cell homeostasis in children with acute diarrhea. Paired PBMC from patients were stained with PE-labeled antibody against B-cell surface marker CD19 or with PE-labeled antibody against T-cell surface marker CD4 or CD8 in combination with FITC-labeled antibody against ␣␤ TCR. Single-and double-labeled cells were quantified by flow cytometry, and data were analyzed as described in the text. (A) The percentages of CD19 B lymphocytes in PBMC of seven patients are shown for comparison. The percentages of CD4 (B), ␣␤ CD4 (C), CD8 (D), and ␣␤ CD8 (E) T lymphocytes in acute-phase PBMC of four patients were found to be reduced but recovered to levels close to those of healthy children in convalescent-phase PBMC. The fifth patient had reductions in the percentages of CD4 and CD8 T lymphocytes in convalescent-phase PBMC. a Microarray analysis and quantitative PCR were performed as described in the text. Data shown in the table are values of changes (n-fold) in gene expression in PBMC from patients with rotavirus infection relative to those of healthy controls. For quantitative PCR, each sample was tested in triplicate and the average was used to calculate the change. ND, not determined.
b Pattern of differential gene expression in number of patients observed per number of patients examined.
while the percentages of CD4/CD83 T lymphocytes remained elevated in all seven patients. Similar results were obtained with CD8 T lymphocytes: an increase in the percentage of CD8/CD69 T lymphocytes, ranging from 1.6% to 8.3% (mean, 3.5%), and a larger elevation in the percentage of CD8/CD83 T lymphocytes (from 4.4% to 16.1% [mean, 7.8%]) were detected in six acute-phase PBMC (Fig. 3C and D) . The percentages of activated CD8/CD69 T lymphocytes in five patients returned to levels close to those in healthy controls 3 weeks later, whereas the percentages of activated CD8/CD83 T lymphocytes, though declining in most patients, remained elevated in convalescent-phase PBMC. The seventh patient had no or small changes in the percentages of CD8/CD69 and CD8/ CD83 T lymphocytes in acute-and convalescent-phase PBMC when compared to those of healthy controls.
CD69 and CD83 are early activation markers for rotavirus infection on B lymphocytes as well. The percentages of B lymphocytes in six healthy infants ranged from 0% to 0.4% (mean, 0.2%) for CD19/CD69 and from 0.1% to 6.5% (mean, 1.7%) for CD19/CD83 B lymphocytes. All seven infants with acute diarrhea caused by rotavirus had elevated levels of CD19/CD69 (from 1.3% to 7.2% [mean, 3.3%]) and CD19/ CD83 (from 7.4% to 31.9% [mean, 14.6%]) B lymphocytes ( Fig. 3E and F) . The percentages of CD19/CD69 B lymphocytes in convalescent-phase PBMC from six patients returned to levels similar to those in control children. While the percentages of CD19/CD83 B cells in the convalescent-phase PBMC of six subjects decreased, the percentages of CD19/ CD83 B cells in the convalescent-phase PBMC of two subjects remained highly elevated. One patient had slightly increased levels of CD19/CD83 B cells 3 weeks later.
DISCUSSION
Despite three decades of study on rotavirus diarrhea, we still do not completely understand the basic mechanisms of pathogenesis of and immunity to this disease. In this study, we examined broad and comprehensive early host responses to rotavirus infection in PBMC of children with acute diarrhea compared to those of healthy controls and demonstrated that rotavirus induced strong inflammatory and immune responses and detected markers or molecules that might be involved in the initiation and progression of disease and in the regulation, proliferation, differentiation, activation, and homeostasis of lymphocytes.
Children with acute diarrhea mount a robust and predominantly proinflammatory response to rotavirus, as evidenced by the elevated expression of genes for major cytokines. TNF-␣, IL-1␤, IL-6, and IL-8 are recognized mediators of inflammation or disease through their specific receptors and signal transduction pathways (3, 32, 35) . Our gene array results were in agreement with the profiles of cytokines in acute-phase sera of patients with rotavirus diarrhea, in whom some cytokines were found to act as possible mediators for rotavirus disease (5, 29) . On the other hand, children could counter proinflammatory cytokine-induced inflammation or disease processes by producing anti-inflammatory cytokines. For example, TNF-induced zinc-finger protein A20 and IL-1R antagonist induced after rotavirus infection could neutralize the effect of elevated TNF-␣ and IL-1␤ and inhibit inflammation. The balance between the two opposing IL-1 molecules has been documented to influence the development and severity of many inflammatory diseases (3) . Moreover, activation of IFNs and IFN-stimulated genes (ISGs) in the early days of rotavirus infection might have contributed to virus clearance and rapid recovery from disease as well before the induction of virus-specific antibodies (29) . IFNs exert their antiviral and other biological functions through the expression of more than 1,000 ISGs, including the 2-5Ј oligoadenylate synthetase gene, which was found activated in this study and could mediate host defense by RNA degradation via a multienzyme pathway (45) . The functions of the four other ISGs identified in this study are not known. A previous study demonstrated that the ISG15 protein has immunomodulatory effects by augmenting the proliferation of natural killer cells and inducing production of IFN-␥ from T cells (11) . IFN-␣ has been tested and found effective in reducing the morbidity and mortality of diarrheal disease in piglets and calves and in leading to significant weight gain in treated animals (10) .
We demonstrated a clear and consistent pattern of lower mRNA levels for an array of genes with functions in the proliferation, activation, survival, and homeostasis of T lymphocytes in PBMC of children with acute diarrhea caused by rotavirus. These quantitative changes of gene expression corroborate our data of complete blood counts and lymphocyte phenotypes. While complete blood counts showed a decrease in the number of total lymphocytes, the phenotypic study clearly demonstrated moderate to severe reductions in the percentages of CD4 and CD8 T lymphocytes in acute-phase PBMC from most patients. Taken together, these findings at molecular, phenotypic, and physiologic levels indicate that Tcell lymphopenia and altered homeostasis of peripheral T lymphocytes are a common manifestation in children with acute rotavirus infection. This altered peripheral homeostasis is temporal, since the proportions of T lymphocytes recovered to almost normal levels in convalescent-phase PBMC. The exact mechanisms for this change in peripheral T-cell homeostasis are not known and are likely to be multifactorial events. Rotavirus infection could induce repressed expression of key markers, receptors, or signaling molecules and thus impair survival and homeostasis of T lymphocytes. For example, CD28, a membrane glycoprotein expressed on virtually all peripheral blood T cells of newborns, is essential for the proliferation and survival of CD4 T cells, the production of IL-2, and the development of the Th2 type response (52) . Reduced expression or lack of this molecule could lead to a reduction or even deficiency of T lymphocytes in rotavirus-infected children. Similarly, reduced expression or lack of IL-7R, a master regulator of survival and homeostasis of peripheral T cells, might have rendered IL-7 incapable of enhancing and expanding T-cell populations in response to rotavirus infection (18) . In addition, this alteration in peripheral T-cell populations may be a direct result of the response to acute rotavirus infection, as naïve T lymphocytes leave the circulation to secondary lymphoid tissues where they are activated, proliferate, and differentiate into CD4 and CD8 effector T lymphocytes. Activated effector T cells that express the intestinal homing receptor ␣4␤7 reenter the circulation and home to infected tissues in the small intestine, where they play an important role in antibody and cell-mediated responses and protection against infection (43). Studies of mice have demonstrated that after lymphocytic choriomeningitis virus is cleared, up to 99% of the activated T lymphocytes undergo apoptosis and die, leaving an expanded population of virus-specific memory T cells (22) . Whether this is also the case for rotavirus infection needs to be investigated. However, despite an apparent alteration in peripheral T-cell homeostasis, we detected significant percentages of the remaining CD4 and CD8 T lymphocytes that expressed CD83 in acute-phase PBMC from the majority of patients examined. A smaller percentage of CD4 T lymphocytes also expressed CD69. These activated T lymphocytes in circulation may produce cytokines that could contribute to inflammation and recovery from disease in children. In mice immunized with a chimeric VP6 protein, ␣␤ CD4 T lymphocytes acted as effectors of protection against rotavirus infection (36) . In contrast, we demonstrated elevated levels of expression for genes involved in the growth, differentiation, activation, and survival of B lymphocytes in children with acute diarrhea caused by rotavirus. In addition, several antigen receptor genes involved in the negative regulation of B lymphocytes were found to be down-regulated, and these down-regulations could theoretically lead to positive selection and development of B lymphocytes. Our gene expression results were in agreement with the observation that the percentages of CD19 B lymphocytes in acute-phase PBMC of patients were similar to or higher than those in healthy controls, and these B lymphocytes exhibited the early activation marker CD83 and, to a lesser extent, CD69. Our results concurred with a number of published studies of mice and humans. Rotavirus induced massive B-cell activation in the early days of acute infection, as evidenced by increased expression of CD69, but did not activate T lymphocytes (8) . Children with acute rotavirus diarrhea had high frequencies of IgM-secreting B cells and a robust IgM response (27, 55) . These rapid early B-cell and antibody responses could be attributed to direct interactions between rotavirus capsid proteins VP6 and VP7 and naïve B cells, as demonstrated in a recent study (41) . Our observations of B-cell activation and T-cell lymphopenia in acute-phase PBMC further support the independent homeostatic regulation of peripheral B-and T-cell populations during immune responses (22) . Of note, since antigen receptors CD21 and CD72 are also described as the positive regulators of B lymphocytes, further studies are needed to determine whether negative or positive regulations or both are actually utilized.
This study is the first to demonstrate that rotavirus infection activates the costimulatory and regulatory molecule CD83, one of the best maturation and activation markers for lymphocytes and dendritic cells. CD83 has been described to play an important role in the induction, regulation, or modulation of immune responses, including the development of cellular immunity and the generation of CD4 T cells (19, 46) . We demonstrated elevated levels of CD83 expression in total mRNA and on activated B and T lymphocytes, particularly on CD4 T lymphocytes, in both acute-and convalescent-phase PBMC. The significance of these findings is not known, but these effector or memory lymphocytes could mount a spontaneous and strong immune response in a subsequent rotavirus infection. Future studies will need to investigate the biology and function of these activated lymphocytes that express CD83 in children with rotavirus infection.
Our study has a number of limitations and implications. First, because we had only a small volume of one acute-phase blood sample and one convalescent-phase blood sample from each patient with diarrhea, we were not able to determine the kinetics of gene and phenotype expression in response to rotavirus infection. Second, because of difficulty in enrolling subjects and the relatively small sample size, we could not reliably assess the effect of other parameters, such as age, on early responses. Third, we examined patterns of gene expression and phenotypes of lymphocytes in total PBMC. The number of PBMC in each sample was not large enough to allow us to determine patterns of gene expression in a specific type of leukocytes or examine both gene and phenotype expressions in the same subjects. In addition, we determined phenotypes in B cells and T lymphocyte subsets only. Further studies are needed to examine early responses of B and T lymphocytes in lymphoid tissues of the small intestine, the primary site of rotavirus infection, and the phenotypes and roles of other leukocytes, such as NK cells, monocytes, and dendritic cells, in innate and adaptive immunity. Apparent reductions in the numbers and percentages of peripheral T lymphocytes in children with natural rotavirus infection suggests that live oral or parenteral vaccines should be administered to stimulate the expression of the best effector phenotype in B lymphocytes and consequently result in maximum production of antibodies with high affinity, titer, and neutralizing activity. Moreover, this novel approach to the identification of early immunity and disease markers may also have potential to predict efficacy or possible adverse events of live attenuated rotavirus vaccines. Last, we demonstrated differential expression of a number of genes encoding proteins or markers that are involved in inflammation, immune regulation, or antiviral activity, but we were not able to determine specific pathways that might mediate these processes or functions. More studies are needed to clearly define molecular mechanisms of disease and further our understanding of immune regulation and response to rotavirus in children.
